ABSTRACT. Two medium-resolution spectra of the hot companion of the Cepheid V350 Sgr have been obtained with the Goddard High Resolution Spectrograph aboard the Hubble Space Telescope. Comparison of these spectra (in the wavelength range 1840-1880 Â) with the spectrum of a Lyr shows that V350 Sgr B has a projected rotation velocity which may be as high as 150 km s -1 . The velocity difference between the spectra of V350 Sgr B at two orbital phases is measured to be -23.1 ±3.8 kms -1 . The error is dominated by the aperture centering. When combined with the orbital velocity variation of the Cepheid derived from the ground-based orbit and the mass of the companion deduced from IUE spectra, the mass of the Cepheid is found to be 5.2 ± 0.9 M 0 . The observed mass-luminosity combination of V350 Sgr A is a good match to recent evolutionary calculations which use moderate convective overshoot near the main sequence, however, the blue loops do not extend to temperatures as hot as the Cepheid.
INTRODUCTION
In addition to their use as primary distance indicators, classical Cepheids can provide fundamental tests of evolutionary computations of intermediate mass stars. Because the occurrence of pulsations provides a fiducial among evolved stars in the HR diagram, a direct evaluation of theoretical stellar evolution models is possible using stars with both an accurate mass and an accurate luminosity. For two decades theoretical mass determinations have been made using both envelope pulsation calculations and also interior evolutionary calculations. Stellar masses deduced by these two methods have differed by as much as a factor of two and this conflict has become known as the Cepheid mass problem. Recently re-evaluated opacities (Iglesias and 1 Based on observations made with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc. under NASA Contract No. NASA-26555. 2 Address for correspondence: Nancy R. Evans MS 4, Smithsonian Astrophysical Observatory, 60 Garden St., Cambridge, MA 02138.
Rogers 1991) have brought pulsation mass estimates into the range of classical evolutionary calculations. However, evolutionary calculations themselves provide a range of masses linked to a given luminosity (depending particularly on the value of core convective overshoot used on the main sequence) which can be nearly as large as the previous pulsation-evolution discrepancy. For this reason Cepheid mass determinations are also valuable in constraining upper main sequence evolutionary calculations.
The opacity revision had a large effect on pulsation calculations but a much smaller effect on evolutionary calculations. In addition to the opacity changes, a number of developments have occurred in the last decade in the calculation of evolutionary tracks of intermediate-mass stars. A useful summary of some of the groups currently computing evolutionary grids is provided in Table 1 of Maeder (1995) .
While the major discrepancy between pulsation and evolutionary calculations has now been resolved, there are still some lingering problems. An important one has been pointed out by Stothers and Chin (1994) , Simon (1995) , Evans (1992a) , and Evans (1993) . It is that the blue loops on which Cepheids are found dö not extend to hot enough temperatures to penetrate the instability strip. This is even more pronounced with the new opacities. The blue loop of, for instance, a 5M 0 star never reaches as hot a temperature as the instability strip. The extension of the blue loops depends on many factors, among them the treatment of core overshoot on the main sequence, mass loss, and the treatment of red giant envelope overshooting (Alongi et al. 1991) . This means that the loops will not provide a unique diagnostic for a single physical parameter. However, Cepheid observations can provide a clear constraint on the location of this portion of the evolutionary tracks. There are two major areas in intermediate mass evolutionary tracks that are currently undergoing substantial revision. The Geneva and the Padua groups are incorporating rotation and new mixing schemes, respectively.
For the Geneva group, the currently available grid of models which use the new opacities are given in Schaller et al. (1992) . These are used below and include a moderate value of overshoot on the main sequence. These interior calculations have been combined with atmospheres which include mass outflow (Schaerer 1996; Schaerer et al. 1996) . For O stars, atmospheric mass loss dominates evolutionary processes. However, for B stars (Cepheid progenitors), atmospheric winds are not important. Because B star evolution is not driven by mass loss, the effects of rotation can be studied more cleanly in that temperature region. A new generation of Geneva tracks is being generated which includes a Zahn rotation formulation which results in a horizontal turbulence as well as a vertical turbulence in a rotating atmosphere (Maeder and Meynet 1996; Meynet and Maeder 1997) . So far their calculations cover only main sequence phases and only stars of 9 M 0 and larger. Although a Cepheid mass is typically 6 M 0 , the results of the new tracks are suggestive. They confirm, for instance, that for high-rotational velocities Zero Age Main Sequence (ZAMS) stars are cooler and less luminous than nonrotating stars. The most pronounced effects in temperature are for the youngest stars (closest to the ZAMS). This is where Cepheid companions lie, since they are linked with a more massive Cepheid. The result is that rapidly rotating 40-9 Mq stars can have evolutionary tracks that are similar to tracks of stars 2.5-0.5 M Q smaller (for extreme rotation).
The standard Padua tracks including the new opacities are given in Bertelli, et al. (1994) . These are used below and use the same overshoot valúe as Schaller et al. (1992) . The new generation of models involves a new treatment of mixing (Deng et al. 1996a,b) . The new scheme replaces the instantaneous mixing in the mixing length theory with a diffusive scheme. The result is that overshoot regions are only partially mixed. Their "scale length most effective for mixing" leads to evolutionary tracks that have both a wide main sequence band and also extended blue loops. With the old opacities, this wide main-sequence band, which is required by observations, could only be produced by including convective overshoot.
It is clear that these refinements in evolutionary calculations will provide more realistic tracks for comparison with observations. The most fundamental comparison which can be made is with evolved stars for which an accurate mass, luminosity, and temperature are known. This study provides such a case.
Observational mass determinations, of course, require binary stars. A breakthrough in recent years has come for systems containing the combination of a cool evolved Cepheid and a hot main sequence companion through the use of satellite ultraviolet spectroscopy. In these systems the Cepheid dominates in the optical, while the hot companion is dominant in the ultraviolet. The combination of the orbital-velocity amplitude for the Cepheid measured on the ground and the orbital-velocity amplitude of the hot companion measured in the ultraviolet with either the Hubble Space Telescope or the IUE satellite provides the mass ratio of the two stars. Combining this ratio with the mass inferred from the spectral type of the main-sequence star leads to the Cepheid mass. So far the most successful applications of this approach have been for the S Mus system (Bëhm-Vitense et al. 1997a ) and the SU Cyg system (Evans and Bolton 1990) . Both studies found masses supporting a relatively small value of convective overshoot. Surprisingly, however, the more luminous S Mus has the same mass as the lower limit to the mass of the less luminous SU Cyg, possibly indicating different degrees of mixing in the two stars.
Additional binary systems for which masses can be measured are clearly valuable. The V350 Sgr system provides one such possibility. Its binary motion was recognized by Lloyd Evans (1982) and Gieren (1982) , resulting in a preliminary orbit by Szabados (1990) . Substantial new data were added by Gorynya et al. (1995) and Evans and Sugars (1997) . The orbit derived from the most complete data is that of Evans and Sugars (1997) who found an orbital period of 1477 days and an epoch of JD 2,440,203. Thèy also derived a spectral type Of B9.0 V from an IUE lowresolution spectrum. The mass they inferred from this spectral type and the masses summarized by Andersen (1991) and Harmanec (1988) is 2.5±0.1M o .
In this study we have observed the hot star in the system, V350 Sgr B, with the Goddard High Resolution Spectrograph (GHRS) on the Hubble Space Telescope (HST) at two orbital phases. From these spectra, we measure the orbital velocity amplitude of the companion in order to derive a mass for the Cepheid.
OBSERVATIONS
The observations of V350 Sgr B were carried out on 1994 May 2 and 1995 Sept 23 at orbital phases 0.28 and 0.62, respectively (Table 1 ). The data were taken with the Wavelength Fig. 1 -The GHRS G200M spectra of a Lyr and V350 Sgr. The spectrum from the second visit to V350 Sgr is shown. The vertical lines on the far left indicate the continuum and zero level of each of the spectra. In order to separate the two spectra, 6X10" 14 ergs cm -2 s -1 Â -1 has been added to the a Lyr spectrum which had been scaled to the flux of the V350 Sgr spectrum. Both spectra have been smoothed with a 10 point boxcar. In all figures, wavelength is in Â and flux is in ergs cm -2 s
Goddard High Resolution Spectrograph (GHRS) aboard the Hubble Space Telescope. Since V350 Sgr B has a V magnitude of only 11.48 (Evans 1992b; Evans and Sugars 1997) the medium-resolution G200M grating was used. This provided a reasonably high sensitivity while maintaining a good spectral resolution (R = X/Ak ~ 20,000, Heap et al. 1995) . Both observations were made after the HST repair mission. The spectra cover the wavelength range between 1840 and 1880 Â , which contains numerous strong spectral Unes according to high-resolution IUE data of tt Cet (B7 V) and v Cap (B9.5 V). Since the determination of radial velocities was the primary goal of these observations, several precautions were carried out to ensure the maximum possible wavelength accuracy. First, the star was observed through the Small Science Aperture, which is ~ 0.22 arcsec on a side. Second, each exposure was broken into multiple subexposures, each with an integration time of 5 min or less. This allowed us to correct for small drifts in wavelength caused by thermal variations as well as the interaction of the detector with the Earth's magnetic field (an effect often referred to as GIMP: see Heap et al. 1995) . Finally, each sequence of exposures was preceded and followed by a special calibration lamp exposure. This allowed us to determine accurate wavelength calibration coefficients and estimate how they varied with time. With these precautions, we estimate that the wavelength scale for the spectra is accurate to approximately 2.7 kms -1 (Heap et al. 1995) with the uncertainty dominated by the centering in the aperture.
The spectra were reduced with the CALHRS routine using the most current calibration data available. This rouWavelength Fig. 2 -The comparison of the a Lyr spectrum and the two V350 Sgr spectra. The a Lyr spectrum has been convolved with a rotational broadening function for a rotational velocity of 150 kms -1 . The V350 Sgr spectra are the first visit (middle) and the second visit (bottom), both smoothed with a 10 point boxcar. The top and middle spectra have been offset by +1.2X 10" 13 and +0.6X 10" 13 ergs cm -2 s -1 À -1 , respectively. The lines on the far left indicate the zero to continuum ranges of the three spectra.
tine subtracted background, corrected for instrumental vignetting, determined the wavelength scale and converted the observed count rate to absolute fluxes. The individual spectra were then combined using the HRS MERGE routine, after correcting the wavelength scales for the effects of GIMP and thermal drifts. The first observation (at phase 0.28) had a total integration time of 57 min and resulted in a spectrum with a S/N ^ 4. The exposure time for the second observation was therefore increased to 140 min.
VELOCITIES
The spectrum from the second GHRS observation of V350 Sgr B is shown in Fig. 1 . For comparison, a spectrum of the A0 V standard a Lyr, taken with the same instrumentation, is presented. Clearly the sharp fines present in the a Lyr spectrum are not present in the V350 Sgr B spectrum. We interpret this to mean that V350 Sgr B has a high projected rotation velocity which broadens the fines. Figure 2 shows the comparison between the two V350 Sgr B spectra and the a Lyr spectrum convolved with a broadening function corresponding to a rotation velocity of 150 kms -1 . (Limb darkening coefficients of 1.0 and 0.6 Were used to construct broadening functions and the resulting spectra were nearly indistinguishable; 1.0 was used in the comparisons.) The broadened a Lyr profile is clearly a much closer match to the V350 Sgr B spectra than the unbroadened profile in Fig. 1 .
We have attempted a more precise determination of the projected rotation velocity in two ways. First, the HWHM of the correlation function (Fig. 3 ) is approximately Table 2 Velocity Differences: VI -V2 Fig. 3 -The correlation function of the first spectrum vs. the second spectrum of V350 Sgr. The solid line is the correlation function normalized to unity; the dashed line is the Gaussian fit used to determine the velocity difference between the two spectra. The velocity is in km s -1 .
J(2)Xv sin i where v is the rotation velocity and i is the inclination. This leads to v sin -110 km s~1. Second, we have calculated an rms difference between the stronger spectrum (visit 2) and the a Lyr spectrum broadened by 50, 100, 150, 200, and 250 kms" 1 . The standard deviation declined steadily with increasing rotation velocity until 150 kms -1 . For larger rotation velocities, it remained essentially constant. Inspection of the broadened spectra for 150, 200, and 250 kms -1 showed that they change very little. In fact the difference between them is much smaller than the differences between any of them and the observed spectrum. We conclude that while these comparisons rule out low-rotational velocities, they are poor discriminants among higher-rotation velocities because of the low S/N of the observed spectrum and the difference between it and the a Lyr spectrum. However, the width of the correlation function rules out very large rotation velocities, and the estimate of 110 kms -1 from its width is a reasonable estimate.
Two further questions might be raised about this interpretation of the V350 Sgr B spectra. First, since V350 Sgr B has a spectral type of B9.0 V (Evans and Sugars 1997) , perhaps the differences from a Lyr are due to the earlier spectral type. However, the spectral atlas of Artru, et al. (1989) shows that both the B7 V and the B9.5 V stars have much stronger, sharper lines in this region than V350 Sgr B, indicating that the difference in Fig. 1 is not due to a spectral type difference. Second, could the Cepheid contaminate the GHRS spectrum? Spectra to represent the Cepheid and the companion have been fitted to the IUE composite spectra of the V350 system from 1200 to 3200 Â (Evans 1992b length region selected for the GHRS observations. The velocity difference between the two V350 Sgr B observations was measured by cross correlating the two spectra and then fitting the correlation function with a Gaussian, as was done in the case of S Mus (Böhm-Vitense et al. 1997a) . Figure 3 shows a typical example of a crosscorrelation function together with the Gaussian fit from which the velocity difference is determined. (In this case, the Gaussian was fit to the normalized correlation function greater than about 0.2.)
The rotational broadening results in low-contrast lines, and the spectra have a relatively low signal-to-noise ratio. For these reasons, the measured velocity difference depends somewhat on the details of the reduction process, in particular the degree of smoothing imposed on the spectra before doing the correlation. The velocity measurement was done independently by Beck and Evans. Smoothing values between 20 and 30 points resulted in the smallest uncertainties from the fit of the Gaussian to the correlation function, and yielded reasonably consistent velocity determinations. (20 points corresponds to 0.36 Â, or 58 kms -1 .) Table 2 summarizes velocities for this smoothing range, and it can be seen that they are consistent. The mean of the six values in Table 2 is -22.2 km s~l. While this degree of smoothing resulted in the smallest errors for the fit to a Gaussian, using a smaller value did not result in a significantly different velocity. For instance, using a ten point smooth, produces a velocity difference of -24.6 km s -1 (NRE). As suggested by the referee, interstellar lines can bias velocity measurements in the sense of decreasing velocity differences. Indeed, there are two strong interstellar lines of A1 m (1854.7 and 1862.8 Â) in the region we studied (Morton 1991), as well as some weaker ones. We have looked into the effect these lines might have in two ways. There do appear to be sharp features at these wavelengths in the second (stronger) spectrum in Fig. 2 , although the low S/N in these spectra precludes a firm conclusion. We have removed small parts of the spectrum in these regions and redone the cross correlation. In this case, the velocity difference becomes -23.1 km s -1 , in the sense expected. On the other hand, fortuitously, the second spectrum was obtained very close to zero velocity, which means at that phase, the stellar lines and the interstellar lines have the same velocity. If we use this spectrum in its original form and measure the velocity difference from the spectrum from the first observation with the interstellar lines removed, the velocity difference is still -23.1 km s -1 . This is only 4% larger than the completely uncorrected difference, and probably a reasonable estimate of the effect of interstellar lines. Unfortunately, the low S/N of the spectra precludes more extensive experiments, such as independently determining velocities from several pieces of the spectrum.
A second approach was a simple examination to see how well the interstellar Unes can be detected in the spectra of late B stars with relatively low S/N. For instance, the narrow interstellar components appear to be present in the second spectrum (Fig. 2) 32 mag) , and T Mon (0.14 mag), a Lyr, V636 Sco, and T Mon confirm that stellar Alin fines are comparatively strong, and that there are many features in the 1840-1880 Â region from which the stellar velocity can be measured. Furthermore, U Aql is a system very similar to V350 Sgr in having a moderately high projected rotation velocity for the companion ) and a similar reddening. As in the case of V350 Sgr B, while there is a suggestion of an interstellar fine in one of the U Aql B spectra, it is far less clear in the second, again suggesting that noise fluctuations may be comparable in size to the interstellar fines.
In summary, we conclude that the interstellar fines have little effect on the measured velocity difference.
As discussed above, because of the way the observations were taken, the aperture centering is the dominant source of error, with a resulting uncertainty of 2.7 km s -1 (Heap et al. 1995 ). We will therefore adopt 2.7 kms -1 as the estimate of the error of one observation or 3.8 km s -1 for the velocity difference. This corresponds to a 16% uncertainty in the velocity difference.
The velocity difference measured directly between the two V350 Sgr B spectra (discussed above) is the best estimate of the actual velocity difference. We have, however, obtained spectra of two velocity standard stars, a Lyr and HD 72660 (spectral types A0 V and Al V, respectively). The spectra are discussed in Böhm-Vítense et al. (1997b) . We had hoped to use the cross correlations between the two V350 Sgr B spectra and the standard star spectra to provide an independent estimate of the uncertainty of the results. Unfortunately, these correlations are much less consistent (when treatment such as smoothing is varied) and result in a much noisier correlation than the correlations of the two V350 Sgr B spectra. This is true even when the standard star spectra have been convolved with a rotation broadening function appropriate to V350 Sgr B. Our interpretation is that since we use only a small wavelength region (and relatively noisy spectra) the temperature differences between the V350 Sgr B spectra and the standard stars become a significant source of error. The results from cross correlating the two (identical) V350 Sgr B spectra are clearly preferable. There is support for this interpretation in the investigations of Hill (1993) . Using spectra from the Dominion Astrophysical Observatory 1.2-m telescope (0.3 À/pixel" 1 ), he discusses a number of tests of the cross-correlation technique. He shows, for instance, that errors of 2 km s -1 can come from spectral mismatch of a few spectral subclasses between the program star and the standard. We note that he was using 500 Â of spectrum. Our wavelength interval which is a tenth of that will contain far fewer lines resulting in less randomization of spectral differences due to different spectral types.
DISCUSSION/MASS
The purpose of this project is to compare the velocity difference of the companion at two orbital phases with the velocity difference of the Cepheid at the same two phases from the ground-based orbit. The orbital phase and orbital velocity of the Cepheid (with respect to the systemic velocity) from the orbit of Evans and Sugars (1997) are listed in Table 1 for the dates of the GHRS spectra. Thus, the velocity difference VI -V2 for the Cepheid at the phases of the GHRS observations is 10.9 kms -1 . Combining this velocity difference with the velocity difference for the companion from the previous section ( -23.1 kms -1 ) results in mass ratio, M Cep /M Comp of 2.1. The uncertainty of the velocity of the companion (16%, as discussed above) is by far the largest error in this ratio. The mass of the companion has been determined by Evans and Sugars from the spectrum of the companion from 1200 to 2000 Â. It is 2.5 Mq±4% based on the spectral type derived from an IUE spectrum. The small uncertainty in the mass is based on the precision with which the spectral type can be determined and the slow change in mass with spectral type in this range (Evans and Sugars 1997) . The resulting mass for the Cepheid is 5.2±0.9 M 0 , where the errors in the mass are dominated by the errors in the velocity measurement.
There is one further factor which might affect the mass determined here, the rotation velocity of the companion. Although the main effect of the high projected rotation velocity found for V350 Sgr B is to decrease the accuracy of the measured velocities, it can also have an effect on the mass inferred. This can happen in two ways. First, gravity darkening can make the companion appear cooler than it would if it were not rotating. Second, rotation can actually affect the evolutionary tracks. Since we know V350 Sgr B must be very near the ZAMS because it is paired with the more massive Cepheid, we will ignore effects on evolution and only estimate how much a high rotation velocity could affect the mass we infer. The rotation velocity we see in the fine profiles, of course, is only the lower limit to the actual velocity because of the unknown inclination. Collins and Sonnebom (1977) found that regardless of inclination angle, the main effect of gravity darkening is a cooler spectrum. A rotation velocity of 150 kms -1 (Fig. 2) is only a fraction of the maximum velocity they used: 359 km s -1 for a B9 star. Most of the effect they found on the spectrum occurs only for velocities larger than 90% of maximum velocity. We can roughly estimate from their results on the change in the spectral-type (and the Harmanec mass-spectral-type relation) that the projected rotation velocity we found for V350 Sgr B results in a change in the inferred mass of order 0.1 M 0 • A similar estimate is produced from the comparison of the location of the companion in the theo- retical HR diagram such as that of Evans (1995) , Fig. 6 , assuming rotation has resulted in a horizontal shift from the main sequence. We conclude from these estimates that the rotation velocity does not produce a serious error in the mass we derive for the Cepheid unless the inclination is very small. However the effect of high rotation velocities is systematic in the sense that the masses will be underestimated. On the other hand, observational masses such as those of Andersen and Harmanec will also be measured from stars with some rotation, so this effect will be incorporated in the calibration. The rotation velocities in the stars they use, however, cannot be too high since the results are based on double-lined spectroscopic binaries, where the lines of the two stars must be resolved.
The mass derived above, together with the luminosity of the Cepheid, can be compared with the predictions of evolutionary calculations. The parameter which affects the predicted luminosity (for a given mass) which is the most uncertain is the treatment of convective overshoot at the core boundary of main-sequence stars. Figure 4 shows the comparison between several evolutionary tracks and V350 Sgr A. The luminosity for V350 Sgr A is derived from the period-luminosity-color (PLC) relation of Feast and Walker (1987) . In a recent paper, Feast and Catchpole (1997) suggest that Cepheid luminosities should be increased 10% based on HIPPARCOS parallaxes. However, the absolute magnitude of V350 Sgr A computed using their new period luminosity relation is actually slightly fainter than from the PLC relation used here. The temperature log T eff = 3.790) is derived from the measured (B) -( V) =0.87 mag corrected for the effect of the companion (Evans 1992b) and an E(B-V) = 0.32 mag also corrected for the companion. Figure 4(a) shows the tracks of Becker (1981) , shown because they include no convective overshoot at the main-sequence core boundary. As discussed above, these tracks (as well as the other tracks in Fig. 4) do not have blue loops where the Cepheid is found. (Throughout we assume that Cepheids are located on the blue loops since the first crossing of the instability strip is much more rapid than blue loop phases.) However, the Becker tracks place V350 Sgr A midway between 5 and 7 M© at about 6 Af©. Figure 4(b) shows the Geneva tracks (Schaller et al. 1992 ) which include both the new opacities and (more important for the luminosity of the blue loops) moderate convective overshoot. The mass found in this study is in good agreement with these tracks if the blue loops were more extended. Figure 4 (c) shows the comparison with the recent Padua tracks (Bertelli et al. 1994) , which include the new opacities and the same overshoot as the Geneva tracks (but not the new mixing treatment). Again, the mass found here for V350 Sgr A is in good agreement with these tracks. Finally, Fig. 4(d) shows an older version of the Padua tracks (Bertelli et al. 1986 ) which included a larger amount of overshoot (but not the new opacities). In this case, the tracks require a larger mass than that found in this study.
SUMMARY
We have obtained two spectra of the hot companion to the Cepheid V350 Sgr A with the GHRS medium-resolution grating G200M in the wavelength range 1840-1880 Â.
Comparison of these spectra with the spectrum of a Lyr shows that the spectrum of V350 Sgr B has a high projected rotation velocity, and looks very similar to the spectrum of a Lyr convolved with a rotational broadening function of 150 kms -1 . The velocity difference between the spectra of V350 Sgr B at two orbital phases is -23.1 ±3.8 kms -1 , with the error dominated by the aperture centering. Combining this with the orbital-velocity variation of the Cepheid as measured from the ground and the mass of the companion from its spectral type from an IUE spectrum results in a mass for the Cepheid of 5.2±0.9 M©. Recent evolutionary calculations using a moderate amount of convective overshoot on the main sequence reproduce the luminosity-mass combination of V350 Sgr A well, although the blue loops do not extend to temperatures as hot as the Cepheid.
